A nanostructured trigonal SnSe2 was produced by mechanical alloying, and the effect of high-pressures up to 25.8 GPa on it was investigated. The literature reports refined structural data for SnS2 for pressures up to 20 GPa. These data were used as input data in a crystallographic software to calculate the shell structures around the Sn, Se, and S atoms placed at the origin. The shell structures were used to simulate the partial and total structure factors Si-j(K) and S(K), and by Fourier transformation the partial and total pairs distribution functions Gi-j(R) and G(R) were obtained. The effect of high-pressure on the SnSe2 and SnS2 structures were followed by observing the changes in the Gi-j(R) functions. Also, the effect of high-pressure on the smallest angle Sn-X (X=Se,S)-Sn, intralayer distance Sn-X (X=Se,S), 2 and interlayers distance X-X (X=Se,S) was studied. The interlayers distance X-X (X=Se,S) changes faster than the intralayer distance Sn-X (X=Se,S). An enhancement of the average power factor at 20 GPa and 800 K for SnS2 was reported. Using the interlayers distance S-S and intralayer distance Sn-S, it was evidenced that the enhancement of average power factor may be associated with the changes of the interlayers distance S-S that is faster than that of the intralayer distance Sn-S.
I. Introduction
Despite the extraordinary progress in the development of DACs, allowing that several dozen GPa be achieved, they have yet a limited window of few tens (two or three) of degrees, imposing a restriction in the angular range (2) in which the X-ray diffraction (XRD) patterns are measured. This limitation makes difficult to visualize the effect of high-pressure on the structure being studied, as well as it increases the difficulties in the determination of new high-pressure structure phases emerging due to the few number of diffraction peaks recorded.
Trying to overcome the difficulties mentioned above, at least partially, we implemented an approach combining the Rietveld method (RM) [1] and pairs distribution 3 function (PDF) analysis [2−4] . The details of this approach are described in Refs. [5, 6, 7] , and it will not be repeated here. RM has been implemented in several computational packages, such as the GSAS package [8] , which has been employed to refine and/or to determine structures of the crystallographic phases of single crystal and polycrystalline solids. The theoretical description of PDF analysis as well as its applications to the liquid and amorphous materials is well documented in the literature [2−4] and will not be repeated here. The approach to be presented in this study requires only the knowledge of the structure of the crystalline material. It has already been used by us to investigate the effect of moderate (MPa) and high (GPa) pressures on nanocrystalline materials [6, 7] . In order to corroborate the validity of this approach and also make it more explicit for readers, it was also applied to the Ta2O5 orthorhombic compound previously studied using XRD, RM, and PDF [9, 10] . The results obtained using this approach were compared with those reported in Refs. [9, 10] , and an excellent agreement was observed.
The isostructural SnSe2 and SnS2 compounds (space group P-3 m 1, 164) and based on SnS2-, SnSe2-alloys have great potential for applications in thermoelectric (TE) devices like solid-state coolers or generators at moderate and high temperatures [9] . Recently, our group produced using the mechanical alloying (MA) technique the SnSe2 compound, in the nanostructured form.
The effect of high-pressure up to 25.8 GPa on SnSe2 was investigated using X-ray diffraction (XRD) measurements and synchrotron radiation. The recorded XRD patterns were refined using RM. The refined structural data are used as "input data" in a crystallographic software such as Crystal Office 98® from the Atomic Softek -Canada, and using the option (tool "output + coordinates + shell structure") the shell structure around a specific atom i placed at the origin is obtained. Recently, Filsø et al. [11] , using single crystal 4 XRD measurements and DFT calculations, investigated the effect of high-pressure up to 20 GPa on the SnS2 compound. The recorded XRD patterns were refined using RM.
Javed et al. [12] , using first principles calculations, studied along a-and c-axes, the thermoelectric power (S), conductivity electrical (σ), and power factor (PF) properties for atmospheric, 10 and 20 GPa, at temperatures 300 K, 500 K and 800 K. Those researchers reported an enhancement in average PF at 20 GPa and 800 K, leading to values of figure of merit ZT between 1 ─ 2.5. TE materials are characterized for technological applications by the dimensionless figure of merit ZT. To our best knowledge, similar study was not found in the literature for SnSe2.
As mentioned previously, the approach combining the Rietveld method and pairs distribution function analysis requires only the knowledge of the structure of the crystalline material to build the partial pairs distribution functions (PPDFs) as well as the total pairs distribution function (PDF). The PDF functions can give a more accurate insight structure of the effect of high-pressure. We are using the refined structural data for SnSe2 to calculate the shell structures around Sn and Se atoms placed at the origin and those reported for SnS2 to calculate the shell structures around Sn and S atoms. Thus, the main goal of this study is to compare the PPDFs and PDFs for the SnS2 and SnSe2 compounds. In addition, it will be tried to associate, at least partially, the structural changes promoted by high-pressure on SnS2 with the changes observed in the macroscopic physical thermoelectric power (S), conductivity electrical (σ), and power factor (PF) properties.
II. Experimental procedure
The nanostructured SnSe2 powder used in this study was the same used in a previous study [13] . Then, details involving its production are described in [13] and will not be repeated here. In-situ XRD patterns were recorded for pressures listed in Table 1 , at atmospheric pressure, at the X-ray Diffraction and Spectroscopy (XDS) station of the LNLS synchrotron radiation facility (Brazil). The XDS station consists of a nitrogen-cooled Si (311) double-crystal monochromator to select the incoming energy and a Dectris Pilatus 300 K image plate detector to record the diffracted beam. The present experiment was performed using a wavelength of λ = 0.61990 Å (20.0 keV). The sample was loaded in a stainless-steel gasket hole of 150 μm diameter. The diamond culet was 350 μm in diameter and the thickness of the gasket after indentation was 65 μm. As the pressure-transmitting medium, a methanolethanol (4:1) solution was used, which is hydrostatic in the 0−10 GPa pressure range and nonhydrostatic for larger pressures. A Membrane Diamond Anvil Cell (MDAC) with an opening of 22.0° (2) was used. The sample-to-detector distance (292 mm) and instrumental broadening were determined from diffraction data of standard crystalline LaB6 powder. The pressure was determined by the fluorescence shift of a ruby micropiece [14] loaded in the sample chamber. An exposure time of 10 min was used for all measurements. The twodimensional diffraction patterns were converted to intensity versus 2θ data using the FIT2D software [15] . All the XRD patterns were refined using the Rietveld method [1] implemented in the computational GSAS package [8] . For SnS2, all the experimental details about the preparation of sample, XRD measurements, pressure applied, and data refinement are described in Ref. [11] , and they will not be repeated here.
III. The use of the structural data for SnSe2 and SnS2 to build the shell structure
At room temperature and atmospheric pressure, the isostructural SnS2 and SnSe2 compounds crystallize in a trigonal structure (space group P-3 m 1, No. 164), with the Sn 6 atoms occupying the Wyckoff position 1a (0,0,0) and S, Se atoms occupying the position 2d (1/3, 2/3, Z) [16] . Figure 1 shows the conventional unit cell for Sn(S,Se)2. These compounds are characterized by intralayer covalent Sn-Se, Sn-S bonds and interlayer Se⋯Se, S⋯S of the van der Waals type. As previously mentioned, the effect of high-pressure on SnSe2 for pressures up to 25.8 GPa was studied using XRD measurements, and the recorded patterns were refined using RM [1] implemented in the GSAS package [8] . Table 1 lists the refined lattice parameters and the Z-coordinate for the Se atoms at position 2d (1/3, 2/3, Z). For SnS2, these structural data were taken from the paper by Filsø et al. [11] , and they are listed in Table   2 .
The space group P-3 m 1 (164), lattice parameters for SnSe2 (Table 1 ) and for SnS2 (Table 2) , Wickoff positions 1a (0,0,0) for the Sn atoms and 2d (1/3,2/3,Z) for the Se, S atoms were used as "input data" for the Crystal Office software® [17] , and using the software´s tools "Output + Coordinates + Shell Structure" the shell structures around Sn and Se atoms placed at the origin for SnSe2, and around Sn and S atoms placed at the origin for SnS2 were calculated up to Rmax = 25 Å (arbitrarily chosen). The shell structures give the coordination numbers Ni-j and interatomic distances Ri-j with respect to the atom i placed at the origin, i.e., NSn-Sn, RSn-Sn, NSn-Se, RSn-Se, NSe-Se, RSe-Se for SnSe2, and NSn-Sn, RSn-Sn, NSn-S, RSn-S, and NS-S, RS-S for SnS2. The shell structures were used as "input data" for a computational FORTRAN code describing the expression (1) of Ref. [5] to simulate the partial structure factors Si-j (K), i.e., SSn-Sn(K), SSn-Se(K), SSe-Se(K) for SnSe2, and SSn-Sn(K), SSn-S(K), SS-S(K) for SnS2, using a value Kmax = 30 Å -1 arbitrarily chosen. By Fourier transformation of the simulated Si-j(K) factors, the partial and total reduced total distribution functions γi-j(R) and γ(R), the partial and total pairs distribution functions Gi-j(R) and G(R), and partial and total radial distribution functions RDFi-j(R) and RDF(R) were obtained. To build the total SSnSe2(K) and SSnS2(K) factors, the weights WSn-Sn(K), WSn-Se(K), WSe-Se(K), WSn-S(K) and WS-S(K) were computed. All the computational FORTRAN codes describing the expressions given in Section II of Ref. [5] were written by one of the authors (J.C. de Lima). Table 1 were considered. Based on Ref. [5] , the value of Kmax 30 Å -1 was assumed in this study. The resolution of γ(R) function is given by ΔR = 3.8/Kmax [3] , and for Kmax 30 Å -1 , ΔR = 0.127 Å. From these figures one can see that the approach combining RM and PDF analysis can give a insight structure of the effect of high-pressure, as shown in Fig. 2(b) . However, accurate high-pressure XRD measurements and accurate determination of the structure are necessary. shell, the effect is to overlap the subshells forming the coordination shells. This effect seems to be more significant for SnSe2; and on GSe-Se(R) and GS-S(R) of SnSe2 and SnS2, the effect is to split the two subshells forming the first coordination shell. This effect seems to be more significant for SnS2. Simulated total GSnSe2(R) and GSnS2(R) for the pressures used are shown in Fig. 4(a) -(c). With increasing pressure, no splitting is observed for the first coordination shell of SnSe2 and SnS2; The second coordination shell of SnSe2 is splitted into two subshells partially overlapped, while that of SnS2, no splitting is observed. Figure 5 shows the pressure dependence of the smallest angle Sn-X(X=Se,S)-Sn, intralayer interatomic distances Sn-X(X=Se,S), and interlayers interatomic distances X-X (X=Se,S). From this figure, one can see that, with increasing pressure, the value of the smallest angle Sn-Se-Sn increase for the pressures up to ≈18 GPa, decreasing slightly for larger pressures, while the smallest angle Sn-S-Sn decreases for the pressures used. With respect to the intralayer distances Sn-Se and Sn-S, with increasing pressure, they decrease for the pressures used. However, the later decreases faster. For the distance Sn-S, the increase between 12 and 14 GPa can be associated to the nonhydrostaticity of the pressure transmitting 9 médium. With respect to the interlayers distance X-X (X=Se,S), with increasing pressure, they decrease continuously. For SnS2, it decreases faster.
IV. Results and discussion
As previously mentioned, Javed et al. [12] , using a first principles calculations, studied for SnS2 the macroscopic thermoelectric power (S), conductivity electrical (σ), power factor (PF) properties along the a-and c-axes, and average PF at atmospheric pressure (P = 0 GPa), 10 GPa and 20 GPa and at temperatures 300 K, 500 K and 800 K. Their results are shown in Fig. 6(a)-(d) . Thus, it is interesting to try to correlate the effect of high-pressure previously shown with the macroscopic thermoelectric properties of SnS2.The performance of TE material is characterized by its dimensionless figure of merit ZT= (S 2 σ)T/k, where S is the thermoelectric power, σ the electrical conductivity, k the termal conductivity, and T the absolute temperature. The S 2 σ is named the power fator (PF). For technological TE applications, ZT > 1 is desired. Those researchers reported an enhancement of TE performance of SnS2 at 20 GPa and 800 K (1 < ZT < 2.5). From the Fig. 6(a) , one can see that, with increasing pressure, carrier concentration and temperature, the thermoelectric power S decreases. At atmospheric pressure and 800 K, the value of S along a-axis is larger than the value along c-axis. At 10 GPa and 800 K, the value of S along a-axis is slightly larger than the value along c-axis, and at 20 GPa and 800 K, the values of S alog a-and caxes are similar. From the Fig. 6(b) , one can see that, with increasing pressure, carrier concentration and temperature, the electrical conductivity σ increases. At atmospheric pressure and 800 K, the value of σ along a-axis is larger than the value along c-axis. At 10 GPa and 800 K, the values of σ along a-and c-axes are similar, and at 20 GPa and 800 K, the value of σ along c-axis is larger than the value of σ along a-axis. This behavior at 20 GPa and 800 K may be associated with the interlayers distance S-S that decreases faster than the Sn-S one, suggesting that the electronic repulsion begins to play an important role. From the Fig. 6(c) , one can see that the power fator (PF) increases with increasing the carrier concentration and temperature, but it can decreases with increasing pressure. At atmospheric pressure and 800 K, the of PF along a-axis is larger than the value of PF along c-axis. This behavior seems to be in accordance with the values of S and σ along this axis. At 10 GPa and 800 K, value of PF along the a-axis is even larger than the value along c-axis, but the difference between them decreased, and at 20 GPa and 800 K, value of PF along the c-axis is larger than the value along a-axis. This behavior seems to be in accordance with the values of S and σ along this axis. Thus, the increase in PF along the c-axis may be associated with the interlayers distance S-S that decreases faster than the Sn-S one, suggesting that the electronic repulsion begins to play an important role, mainly, in the electrical conductivity.
From the Fig. 6(d) , one can see that the average power fator (PF) increases with increasing pressure and carrier concentration. At 20 GPa and 800 K, the increase in average PF may be associated to the increase in value of the electrical conductivity along c-axis due to the fast decrease in the interlayers distance S-S, as discussed early. To our best knowledge, there are no similar data for SnSe2 in the literature, and therefore, similar analysis is inaccurate. From Fig. 5 , one can see that, with increasing pressure, both the intrayer distance Sn-Se (dintra) and interlayers interatomic distance Se-Se (dinter) decrease continuously for SnSe2, while for SnS2 the intrayer distance Sn-S decrease slowly, whereas the interlayers interatomic distance S-S decreases fast and continuously. Individual distance compressibility rates d i = -(1/d0)(∂di/∂P)T (i = dintralayer, dinterlayers) were calculated for both compounds. For SnSe2, d intralayer = 0.0504 GPa -1 and d interlayers = 0.0853 GPa -1 , while for SnS2, d intralayer = 0.0232 GPa -1 and d interlayers = 0.1524 GPa -1 . From these values, one can see that, for SnSe2, the change in the interlayers distance Se-Se is 41 % faster than that in the intralayer distance Sn-Se, while for SnS2, the interlayers distance S-S changes 85 % faster than the intralayer distance Sn-S. It is evidenced above that the increase in the average PF for SnS2 at 20 GPa and at 800 K may be associated with the decrease of the interlayers distance S-S, increasing the electrical conductivity along the c-axis. If we assume that this is true, for SnSe2 at the same conditions, a reduction of half in the average PF is expected. Therefore, the figure of merit ZT for SnSe2 can be smaller than that for SnS2 at 20 GPa and 800 K.
V. CONCLUSIONS
This study reports the results obtained of application of an approach combining the Rietveld method and pairs distribution function analysis to study crystalline materials under high-pressure and/or temperature for trigonal SnSe2 and SnS2. The refined structural parameters obtained from the Rietveld refinement of the XRD patterns measured for SnSe2 and for SnS2 (taken from Ref. [11] were used as input data to simulate the partial and total structure factors SSn-Sn(K), SSn-Se(K), SSn-S(K), SSe-Se(K), SS-S(K), SSnSe2(K), and SSnS2(K). Fourier transformation of them permitted to obtain the partial and total pairs distribution functions GSn-Sn(R), GSn-Se(R), GSn-S(R), GSe-Se(R), GS-S(R), GSnSe2(R), and GSnS2(R). Using the structural data obtained from the Rietveld refinement, the pressure dependence of the smallest angle Sn-X (X=Se,S)-Sn, intralayer distance Sn-X (X=Se,S), and interlayers distance X-X (X=Se,S) were studied. For both the trigonal SnSe2 and SnS2 structures is shown that the interlayers distances change faster than the intralayer distances. Using calculated data for the thermoelectric power (S), electrical conductivity (σ), thermoelectric power factor (PF) along a-and c-axes, and average PF for SnS2, and the interlayers and intralayer distances obtained from the refined structural data for SnS2, it was evidenced that the enhancement of average power factor observed at 20 GPa and 800 K may be associated with the fast decrease of the interlayers distance X-X (X=Se,S). (σ), power fator (PF), and average power fator at atmospheric pressure, 10 GPa, and 20 GPa at temperatures 300 K, 500 K and 800 K, taken from Ref. [12] .
